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Abstract Our main objective in the present work is to develop
a methodology and create a system for the abrasive water jet
(AWJ) machining process control. In the case of AWJ cutting,
besides the cutting head traverse rate, the distance between the
mixing tube and the workpiece, designated as the stand-off dis-
tance, has a predominant influence on the workpiece quality.
The control of the traverse rate is performed by the machine
controller. The stand off-distance control during the machining
represents a problem because no effective on-line in real-time
stand-off distance detection system has been developed yet. The
detection of the stand-off distance during cutting enables better
AWJ machining process control. order to monitor the stand-
off distance, we measure the emitted sound generated during
the AWJ straight cut operation and analyse its characteristic at-
tributes. In order to verify the proposed stand-off distance moni-
toring methods, a set of experiments was carried out. The signal
analysis was performed in both time and frequency domain. The
obtained results show an evident influence of the stand-off dis-
tance on sound emission. Thus, efficient control of the AWJ
cutting process through sound detection appears to be viable.
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1 Introduction
The abrasive water jet machining (AWJ) is a nonconventional
manufacturing process. The first industrial applications of the
process started in the early 1980s. AWJ is mostly used for con-
tour cutting in one plane. Recently, the possibilities of using the
process for milling, drilling, etc. have been explored. The ma-
jor benefit of the AWJ is the capability of machining virtually
any material independently of material properties like hardness,
structure, composition, physical properties, etc. Comparing with
other complementary machining processes, no heat affected zone
(HAZ) on the workpiece is produced.
Many complex mechanisms of material removal and a huge
quantity of particles involved in the process produce a strongly
nonlinear and stochastic behaviour of the system. The generated
surface depends on several machining parameters and workpiece
properties. Because the AWJ process is a dynamic system, the in-
teractions of the system inputs (machining parameters and work-
piece properties) play an important role on process evolution.
From the technological point of view, the most interesting
machining parameters are the cutting head traverse rate, the wa-
ter pressure, the abrasive mass flow rate and the stand-off dis-
tance between the mixing tube and the workpiece. All these pa-
rameters can be controlled during AWJ machining. Other param-
eters, like cutting head components’ geometry, abrasive proper-
ties and workpiece material properties are unchanged during the
process.
Between the controllable parameters, the stand-off distance
is the more appropriate to control during the process in order
to improve the machining quality. The influence of the stand-
off distance should not be neglected during the AWJ process
optimisation. It is known that there exists an optimal value of
stand-off distance, which depends on machining conditions [1].
This optimum value allows the maximum depth of cut. Using
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the optimal stand-off distance allows higher traverse speed and
consequently a machining cost reduction. Other authors [2] give
a deeper explanation about the existence of an optimal value of
stand-off distance as shown in Fig. 1. Below this optimal value
of stand-off distance, the water does not exit from the mixing
tube quickly enough. It accumulates in the mixing tube, acting
as a shock absorber. It the extreme case, the water blows back-
ward in the mixing tube, causing the abrasive jamming. When
the stand-off distance increases over the optimal value, the cut-
ting depth decrease exponentially due to the friction of the jet in
the air. Besides on the depth of cut, the influence of the stand-
off distance is significant on the width of the cut, which increases
with a stand-off increase [3]. As well, the burr height increases
with stand-off distance increase [4]. Similar increasing trends
with stand-off distance increases are present on the width of ini-
tial damage zone on the workpiece [3], on the flank angle of the
cut [3] and on the taper of the cut ration [5].
Our objective is to control or, in other words, keep the stand-
off distance at the optimal value during the AWJ cutting process
using the generated sound monitoring. The generated sound dur-
ing the process is a result of many complex mechanisms. Recog-
nition of the absolute value of the stand-off distance is difficult to
achieve. More perspective is gained as the detection of the stand-
off distance changes in reference to the preset value. An adaptive
control system (ACS), which is able to keep constant the stand-
off distance, would be of great importance for the overall process
efficiency.
2 Experiments
The experiments were performed in the Laboratory for Alter-
native Technologies (LAT) at the University of Ljubljana. The
employed AWJ machine was a commercial system made by
the OMAX corporation (type 2,652 A). The water pressure was
kept between 2,350 and 2,450 bar and the abrasive was Gar-
net mesh 80. The orifice (water nozzle) diameter was 0.381 mm
(0.015 inch), while the mixing tube diameter was 1.016 mm
(0.04 inch) and the length was 101.6 mm (4 inch). The work-
piece material was an aluminium alloy (AlMgSi3) with hardness
60 HRb. For the experiments, two different workpiece thick-
nesses were taken, namely 6.1 and 50 mm. In order to obtain an
equivalent quality of the cut in both cases, we applied two differ-
ent AWJ cutting head traverse rates. The AWJ cutting head tra-
verse rates were 6.5 mm/s for workpiece thickness 6.1 mm and
0.5 mm/s for workpiece thickness 50 mm. In the first stage of the
experiment, we pierced the material, then we made a straight cut
and finally we exited from the workpiece. Only the part of the
signal regarding the straight cut was analysed (Fig. 2).
The data were recorded in a wav file format on the PC (Pen-
tium class) with the acquisition card with 48 kHz sampling fre-
quency and 16-bit resolution. We take approximately 13 seconds
of the recorded signal of the straight cut (area 4 on Fig. 2) to have
219 points for the further Fast Fourier Transform.
To find the relation between the stand-off distance and the
generated Sound, all the machine parameters were kept constant
Fig. 1. Depth of cut depending on the stand-off distance and blasting
angle [2]
Fig. 2. Recorded signal during all experiment cycles
except the stand-off distance. The cutting head traverse rate was
different for each of two workpiece thicknesses in order to gen-
erate the same cut quality for both workpiece thicknesses.
At this point, we suppose that, if we machine with the same
quality regime, we could generate similar (material removal)
mechanisms (in the process) enabling a comparison of the re-
sults obtained in both workpiece thickness cases. We applied 11
different stand-off distances, raised between 0.5 mm and 10 mm
(Table 1). Particular attention was given to the stand-off around
2.5 mm according to the optimal stand-off distance.
All experiments were repeated three times at the same setting
of machine parameters. Thus, we have obtained 33 sets of data
for further analyses for each of two workpiece thicknesses. The
experiments were designed to enable more tests in future results
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Table 1. Experimental stand-off distances
Stand-off distance [mm]
0.5 1 1.5 2 2.3 2.6 3 3.5 4 5 10
analysis. The range of the acquired data was bigger than required
for our analysis. For this reason, we installed also a piezzo sen-
sor on the workpiece to measure the acoustic emission, but the
results did not reach our expectations. Regarding the measure-
ments with the piezzo sensor, the problems occurs because the
workpiece on which we measured the acoustic emission dras-
tically changed its geometry during the experiment and conse-
quently the dynamic condition, which give a different acoustic
emission response.
3 Data evaluation method and deﬁnition of attributes
The recorded data were analysed in both time and frequency do-
mains. Only a part of the signal regarding the straight cut (area 4
on Fig. 2) was analysed. We observe the root mean square (RMS)
value in the time domain and the amplitude cumulative sum
(ACS) of the signal power spectra in the frequency domain.
The RMS value (Eq. 1) was computed on the part of the sig-
nal corresponding to the straight cut. N represents the number of
points in the signal and ssa is the amplitude of the sound signal,
RMS =
√√√√ 1
N
·
N∑
i=1
ssa2i . (1)
To obtain the ACS, we must perform the FFT on the data, but first
the signal must be filtered and windowed. Both operations on the
Fig. 3. RMS value for workpiece thickness 6.1 mm (left) and 50 mm (right)
signal were executed numerically after the experiments. For the
signal filtering, we used an elliptic-type pass-band, digital filter
with the cut-off frequency up to 15 kHz and over 18 kHz. Due to
the complexity of the process, the cut-off frequency was defined
by a cut-and-try method. The cut-off frequency was defined after
several analyses and results as the more appropriate frequency
area for stand-off distance characterisation in our case. Other
authors [6, 7] suggest that a generated sound during the AWJ pro-
cess is more representative in the frequency area over 20 kHz.
Because we were sampling the signal with 48 kHz, theoretically
we couldn’t analyse the signal at frequency over 24 kHz, ac-
cording to the Nyquist theorem (which is valid only for periodic
signals). But practically, due to the stochastic and nonperiodic
nature of the recorded signal, the top edge for the cut-off fre-
quency analysis was set to the lower 18 kHz cut-off frequency.
For the signal windowing, we use a Hanning window. After
the windowing operation, we subtracted the mean amplitude of
the signal from the signal itself (in this way, the new average
amplitude of the recorded signal was zero). This prevents the ob-
scuration of the low spectral components by the high-amplitude
spectral components.
For the calculation of the ACS at the observed frequency ωA,
we have to make a sum of all power spectra amplitudes spa up to
the amplitude at the observed frequency (Eq. 2),
ACSωA =
A∑
i=1
spaωi . (2)
With this method, we can compare the accumulation of power
spectra at frequencies for different stand-off distances in the ob-
served frequency area.
When comparing the analyses in time and frequency do-
mains, it is evident that the first one is much faster for computing
and thus enables a real-time monitoring with the state-of-the-art
equipment used in the AWJ workshops.
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4 Results
The observed attributes of the emitted sound (the RMS value of
the sound signal in the time domain and the ACS of the signal
power spectra in the frequency domain) show distinct a rela-
tion with the stand-off distance (statistically confirmed with the
analyses of variance). We made the analyses separately for both
workpiece thickness (6.1 and 50 mm). Better results were ob-
tained in the case of workpiece thickness 6.1 mm.
If we depict the RMS values with the corresponding stand-off
distances in a diagram (Fig. 3). We can clearly see that the RMS
value increases when the stand-off distance increases. This rela-
tion is more obvious for the workpiece thickness 6.1 mm (Fig. 3,
left).
Fig. 4. ACS value at the upper edge of the observed frequency area
Fig. 5. Mean and max ACS for workpiece thickness 6.1 mm (left) and 50 mm (right)
In the frequency domain, we computed the ACS for each
stand-off distance. As in the case of the RMS value, the ACS
showed a better relation with the stand-off distance for the work-
piece thickness 6.1 mm.
To have a better understanding of the resulting ACS, we eval-
uated the ACS value at the upper edge of the observed frequency
area for every single stand-off distance as shown in Fig. 4. These
attributes of the ACS are depicted in the diagram to the corres-
ponding stand-off distance (Fig. 5). As expected, the results of
the experiments conducted on the workpiece of 6.1 mm thickness
(Fig. 5-left) show better correlation with the stand-off distance
compared with those obtained on workpiece thickness 50 mm.
The results are encouraging. Even if we don’t perform a large
set of Experiments, we can observe the correlation between the
sound signal evaluated in both time and frequency domains and
the stand-off distance (Fig. 3, Fig. 5).
5 Discussion
From the presented studies, we can clearly see that the results
are much better in the case of workpiece thickness 6.1 mm, com-
pared with the workpiece thickness 50 mm. An explanation can
be found in Fig. 6, where we make a list of possible sound-
generation sources during the AWJ machining process. If we
increase the workpiece thickness, we simultaneously increase the
sound source number 3, which represents the cutting zone. In this
case, the contribution of the sound source 2, which depends on
the stand-off distance, is smaller and the resulting relation be-
tween the sound emission attributes and the stand-off distance is
not so clear.
With a better knowledge of the sound generation mechan-
isms in each of the five sound generation zones that we defined,
an empirical model could be made. The description of a simpli-
fied form of the sound generation mechanisms in the stand-off
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Fig. 6. Proposed sound generation sources
Fig. 7. Possible sound generation mechanisms in the stand-off distance area
distance area is shown on Fig. 7. In order to do that, a wide set
of experiments with the minimising of all sound sources except
one in the case of all five should be done. The synergy of this
type of model with other models, like a material removal, sur-
face generation, etc. could lead us to a full-scale AWJ process
modelling.
The knowledge collected in this research can be used for
many applications in the field of AWJ machining process con-
trol and also for other processes, where we deal with significant
sound generation.
6 Conclusions
The main objective in the present work is to develop a method-
ology and create a system for the stand-off control in abrasive
water jet (AWJ) machining processes. We found an evident con-
nection between the stand-off distance and the sound generated
during the straight-cut operation in the AWJ machining process.
Some results of the presented research were successfully applied
for an adaptive- control constraint AWJ system. For an adaptive-
control system (ACS) of the stand-off distance, more tests have
to be done. An adaptive on-line stand-off control system will en-
able the integration of the AWJ process in the automated produc-
tion line. The Production will become more efficient by means of
quality and costs.
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